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Reelin choreographs neuronal migration to establish laminar structures during brain formation. A recent paper uncovers a new function for Reelin signaling in specifying dendritic compartmentalization. Reelin-induced tyrosine phosphorylation is responsible for enrichment of ion channels in dendritic tufts.
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Neurons possess elaborate, compartmentalized structures that process synaptic input differentially to support cognition. Pyramidal neurons in the hippocampus, cerebral cortex and amygdala are characterized by a triangular shaped soma, a thick dendrite arising from the apex of the soma, and multiple basal dendrites [1] . The soma of a hippocampal CA1 pyramidal neuron is located in the stratum pyramidale, and its apical dendrite crosses the stratum radiatum (SR) extending into the stratum lacunosum moleculare (SLM) (Figure 1 ). Proximal regions of long apical dendrites from CA1 hippocampal pyramidal neurons receive excitatory input from CA3 axons through the Schaffer collateral pathway, whereas the distal dendritic tuft receives excitatory input from the entorhinal cortex via the perforant pathway. Dendritic specification depends, at least in part, on the differential distribution of inhibitory ion channels. The hyperpolarization-activated cyclic nucleotide-gated type 1 (HCN1) channel is highly enriched in the distal dendrite [2, 3] and contributes to the hyperpolarization-activated cation current (Ih) [4] . The channel decreases amplitude and temporal summation of the perforant path excitatory input, thus playing a modulatory role in dendritic integration required for learning and memory in the distal dendrite of CA1 pyramidal neurons [5] . The mechanisms responsible for establishment and maintenance of dendritic compartmentalization of ion channels are unknown. A recent study by Kupferman et al. [6] elegantly explains that Reelin signaling, which is restricted to the distal dendrite, is responsible for localized enrichment of HCN1 channels. Reelin signaling controls neuronal positioning in the developing cerebral cortex, cerebellum, and hippocampus [7] . In the absence of Reelin, or other components of the Reelin signaling pathway, neuronal migration and dendritic arborization are severely disrupted. This results in misplaced neurons with aberrant structures and widespread lamination defects throughout the brain. Reelin is an extracellular protein secreted by several cell types that binds to the very-low-density lipoprotein receptor and apolipoprotein E receptor 2, thereby inducing tyrosine phosphorylation of Disabled-1 (Dab1) by Src family kinases (SFKs). Tyrosine phosphorylated Dab1 then associates with the SH2-and SH3-containing adaptor proteins Crk and Crk-like (CrkL) [8] . Although the mechanisms are not yet clear, Crk and CrkL are thought to link Reelin signaling with cytoskeletal rearrangement [9] .
Since Reelin signaling plays profound roles in neuronal development, genetic ablation results in substantial alterations in neuronal structures. Therefore, it is not easy to determine whether a particular phenotype arises as a direct consequence of the loss of Reelin signaling or whether it results as an indirect effect of aberrant development. To circumvent these complications, Kupfermann et al. [6] utilized recombinant adeno-associated virus to deliver CRE recombinase to hippocampal neurons in newborn Dab1 floxed mice. This causes ablation of Dab1, a key signaling molecule which functions downstream of Reelin, and suppression of pathway activity without affecting development of the infected neurons. Cre-GFP expression was observed in the soma of CA1 pyramidal neurons four weeks after viral injection. While Dab1 was highly enriched in the SLM of the normal hippocampus, it was substantially reduced in Cre-GFP-expressing hippocampal cells. Reduced Dab1 expression correlated well with selective loss of both HCN1 expression and HCN1-mediated electrophysiological properties including voltage sag, i.e. partial depolarization after maximum hyperpolarization. Application of a HCN1 channel blocker did not cause additional electrophysiological changes, suggesting that the alterations observed truly reflect the loss of HCN1. In contrast, no significant changes in HCN1 expression and electrophysiological properties were observed in the proximal dendrite following Dab1 knockdown. Similar to HCN1, enrichment of the G-protein-coupled inwardly rectifying potassium channel type 1 (GIRK1) in the distal dendrite [10] was also blocked by Dab1 knockdown. In contrast, distribution of both MAP2 and the GluR1 AMPA receptor subunit, which are evenly Although Crk and CrkL appear to be uniformly distributed in the proximal and distal dendrites, the protein-protein interactions mediated by Crk and CrkL upon Reelin stimulation may occur selectively in the distal dendrite. The comparison between immunostaining and electrophysiological properties after Dab1 knockdown suggests the presence of two distinct HCN1 channels: HCN1 that are Reelin-independent and uniformly expressed (green) and HCN1 that are enriched in the distal dendrite in a Reelin-dependent manner (yellow). In addition, the maintenance of voltage sag in the proximal dendrite regardless of Dab1 knockdown implicates expression of other types of ion channels that contribute to the hyperpolarization-activated cation current (Ih, gray). (B) Dab1 knockdown causes a marked decrease in SFK activity, which would in turn cause a decrease in protein-protein interactions mediated by Crk and CrkL. Lack of Reelin signaling-dependent enrichment of HCN1 in the distal dendrite leads to a substantial increase of excitatory synaptic activity from entorhinal cortex (EC). Excitatory post-synaptic potentials (EPSPs) in the presence and absence of Reelin signaling are represented as black and red graphs, respectively. SR, stratum radiatum; SLM, stratum lacunosum moleculare. expressed throughout the dendrite, was not affected by Dab1 knockdown. The failure in enrichment of HCN1 and GIRK1 in the distal dendrite had a biological consequence: a selective increase of excitatory input through the perforant pathway without any change in excitatory input through the Schaffer collateral pathway ( Figure 1B) . Therefore, it is clear that Reelin signaling plays critical roles in the specification of the distal dendrite and modulation of synaptic activity.
Although Dab1 knockdown resulted in relatively similar levels of HCN1 in the proximal and distal dendrites, the voltage sag contributed by HCN1 disappeared selectively in the distal dendrite. This discrepancy suggests that modulation of excitatory input in the proximal dendrite is maintained by additional ion channels or unknown mechanisms which are independent of Reelin ( Figure 1) . However, the observation of Reelin-dependent enhancement of LTP in the proximal dendrite of adult hippocampus by Weeber et al. [11] suggests that the Reelin effect on synaptic transmission in CA1 may be complicated and could be different in slice cultures depending on the exact experimental conditions.
Inhibition of Reelin signaling either by blocking Reelin binding to its receptors using the receptor-associated protein (RAP) [12] or by eliminating SFK activity with PP2 treatment [13, 14] caused reduced HCN1 expression in organotypic cultures of rat hippocampus. While RAP treatment caused modest decreases in HCN1 staining in the proximal and distal dendrites, PP2 treatment caused a more profound reduction in HCN1 staining throughout CA1 including the cell body layer. The difference between the two results suggests that SFK activity contributes to both Reelin-independent expression of HCN1 channels throughout CA1 pyramidal neurons and Reelin-dependent enrichment of HCN1 in the distal dendrite.
It is unclear whether the effect of SFKs on localization of HCN1 and GIRK1 is mediated either by a direct interaction between SFKs and the channel proteins or by downstream proteins phosphorylated or recruited by SFKs. On the one hand, gating and surface expression of other HCN channels are reported to be regulated by SFKs through channel phosphorylation [15] [16] [17] . On the other hand, filamin A, an actin-binding scaffold protein that anchors transmembrane proteins to the actin cytoskeleton, has been reported to bind to HCN1 and regulate its distribution and activity in melanoma cells [18] . In addition, intact actin and tubulin are required for HCN1 trafficking [19] , suggesting that the cytoskeletal network may play an important role in localization of compartment-specific channels. Thus, Reelin may regulate the cytoskeletal network through protein-protein interactions mediated by Crk and CrkL [8, 9] to localize compartment-specific channels in the distal dendrite. Floxed mice for Crk and CrkL provide a useful tool to test whether Reelin-dependent enrichment of ion channels is mediated by Crk and CrkL. In contrast to Reelin and Dab1, the levels of SFKs, Crk, and CrkL appear to be relatively similar in the proximal and distal dendrites [6, 8] . Therefore, it is possible that while differential distribution of upstream proteins guides dendritic specification, uniformly distributed downstream proteins execute the specification based on localized increases in tyrosine phosphorylation.
Since Reelin signaling-dependent enrichment of HCN1 in the distal dendrite is also observed in layer V pyramidal neurons in the neocortex and CA1 pyramidal neurons in the adult hippocampus [6] , this may represent a common and essential tool for dendritic specification throughout the postnatal life. Evolution is parsimonious and tends to adapt existing processes over and over again to meet multiple biological needs, such as neuronal migration and dendritic compartmentalization. The mechanisms described by Kupferman et al. [6] may also extend to the developmental role of Reelin. Perhaps localized increases in tyrosine phosphorylation, triggered when a leading projection from a migrating cortical neuron encounters the preplate, results in redistribution of channels and receptors that recognize local positional cues instructing migrating neurons to disembark radial glia and enter the pre-plate. Thus, the Reelin pathway, which helps give form to the mammalian brain, may also provide one of the important underpinnings of its function.
